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Relaxing to a three dimensional brane junction 
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We suggest a mechanism which leads to 3+1 space-time dimensions. The Universe assumed 
to have nine spatial dimensions is regarded as a special nonlinear oscillatory system — a kind of 
Einstein solid. There are p-brane solutions which manifest as phase oscillations separating different 
phase states. The presence of interactions allows for bifurcations of higher dimensional spaces to 
lower dimensional ones in the form of brane junctions. We argue this is a natural way to select lower 
dimensions. 

PACS numbers: ll.25.-w, 11.27.+d 


I. Introduction. —There are recent increasing interest 
in high energy physics in understanding why our Uni¬ 
verse presents only three spatial dimensions. Specially in 
Refs. [H 0) 0 were shown that diluting modes in string 
gas Q and D-brane gas Hi cosmology favor such Uni¬ 
verse. In this Letter we report some new ideas on this 
question. Following recent idea of space-time being filled 
with a D-brane gas HQ, we suppose the brane gas di¬ 
lutes into a nine dimensional system, which we regard as 
an oscillatory system with nine non-compact dimensions. 
The branes manifest as phase fronts separating different 
phase states of oscillations 0,0 . The system allows for 
bifurcations to form brane junctions that we argue to be 
a natural way to select lower dimensions. Here, there is 
the possibility of the ten dimensional space-time to be 
filled with a network of junctions of higher dimensional 
codimension one branes intersecting orthogonally. In our 
set up, junctions of several spatial dimensions p may oc¬ 
cur, and we refer to them as p-brane junctions. We argue 
that gravity, matter and gauge fields tend to live at p- 
brane junctions with smaller dimensions. In this sense, 
although superstrings predict the Universe should have 
9 + 1 dimensions, such space-time can be filled with p- 
brane junctions allowing for the existence of physics at 
some preferable space-time with lower dimension. As we 
discuss below, such space-time can be the 3 + 1 dimen¬ 
sional, as world-volume of 3-brane junctions that fills the 
ten dimensional space-time, in accord with Refs. HQ 
The space selection via brane junctions is endowed with 
the phenomenon of CTavity, matter and gauge fields lo¬ 
calization on branes 00 and brane junctions 0,0. 

We regard our system as a kind of Einstein solid 
made out of 9n independent oscillators. The total en¬ 
ergy associated with these vibrational degrees of free¬ 
dom is simply given in terms of 9n decoupled oscillators 
as E = 1/2^ [Xf + (A/)^], 1=1, ...,9n. Following the 
usual procedure, we consider these oscillators as normal 
modes of vibration in a system with nine spatial dimen¬ 
sions, with the number of oscillators n —> oo. The total 
energy can be written in terms of the energy of a field 
theory with 9n scalar fields in nine spatial dimensions 
U = 1/2/+ / = I,...,9n. This is 

a conserved energy associated with a field theory of 9n 
real decoupled scalar fields — a similar set up with many 


decoupled scalar fields describing a large n landscape of 
vacua has been consider in M- As presented above, the 
system develops just travelling waves and standing waves 
described by the scalar fields <&/. 

However, our oscillatory system may experience non¬ 
linear phenomena and exhibit pattern formation appear¬ 
ing as a p-brane network. As it is known, the dynamics 
of wave amplitudes of a weakly nonlinear non-relativistic 
system may be governed by nonlinear Ginzburg-Landau 
equations. Specially in periodically forced oscillatory sys¬ 
tems, patterns may be induced by bifurcation, a phe¬ 
nomenon which has been reported experimentally in 0. 
Interestingly, bifurcation can be controlled by some forc¬ 
ing parameter, which drives stability of phase oscilla¬ 
tions with different phases 0. Namely, a “tt front” 
is a kink connecting states with phases of oscillations 
that differ by tt. As the forcing strength decreases the 
TT front becomes unstable and decomposes into inter¬ 
acting 7r/2 fronts. In a two dimensional periodically 
forced oscillatory system, the amplitude of oscillations 
satisfies the non-linear Ginzburg-Landau equations 0 : 
dt^i = $/ + - |<i)f -§($/- 3<i>j)<l>/, where 

I,J = 1,2(7 7 ^ J) and |e| < 1. Within the context 
of brane junctions, a tt 12 front configuration in a two 
dimensional system is nothing but a 0-brane junction 
made out of two orthogonal 1-branes. Thus in the nine 
dimensional “forced” oscillatory system, tt fronts, i.e., 8- 
branes are firstly formed. As the forcing strength starts 
diminishing a sequence of bifurcations leading tt fronts 
to 7r/2 fronts takes place in the whole space. In the 
first bifurcation one has 7-brane junctions, in the sec¬ 
ond one has 7-brane junctions and 6-brane junctions, 
and so on. For a number of scalar fields larger than the 
number of spatial dimensions, as a landscape of vacua 
in string theory, the bifurcation process leads to 0-brane 
junctions. Thus if all 9n degrees of freedom are active, 
then the lowest dimensional junctions are 0-brane junc¬ 
tions. At final stages we may find a ten dimensional 
space-time with a network of intersecting 8-branes form¬ 
ing p-brane junctions of dimensions p = 0,1, 2,..., 7. How¬ 
ever, as we will show below, only six degrees of freedom 
are activated by thermal effects, allowing for the least 
dimensional 3-brane junctions. This is because the to¬ 
tal energy for identical 8-brane configurations written 
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as En = l/2f d^xZiZi [^/ + (V$/)2] = QnTg Volg de¬ 
fines a statistical system with mean energy U = E that 
depends on the temperature — here Tg and Volg are the 
tension and the volume of the brane. 

In this way, the next concern relies on the phenomenon 
of particle confinement to such brane junctions. As we 
mentioned above we argue that the localization of grav¬ 
ity, gauge and matter fields on junctions can play the 
role of relaxing higher spatial dimensions to just three 
spatial dimensions. We shall look for phase fronts as 
static soliton solutions in the nine dimensional version of 
the Ginzburg-Landau equations above. In high energy 
physics, this is equivalent to Klein-Gordon equations for 
soliton solutions in a field theory with 9n real scalar fields 
in ten dimensional space-time 


and one-dimensional static soliton solutions can be found 
from the first-order equations 

du dv , , 

— =r—, -r = ^—■ (5) 

dx r dx r 

These nonlinear equations which can be easily integrated 
give us vacuum and soliton solutions. The vacuum solu¬ 
tions are u = v = ± r, and involve a Z 4 symmetry — 
recall r = These vacua are vertices of a square in 

the plane {u,v). They form a set of 6 (4!/2!2!) indepen¬ 
dent BPS sectors, each one connecting a pair of vertices. 
Four sectors are at the edges of the square, while the 
other two sectors are at the diagonals, which we name 
edge and 1-diag states. These sectors give us the follow¬ 
ing soliton (kink) solutions 



9n r 

1=1 [ 


J’ 


( 1 ) 


u^ = Wq = tanh^ (x), edge ( 6 ) 

ul = v^; Uj = tanh^ (x), 1 — diag (7) 


where we assume the superpotential is of the form 

IF($) = VVF($/); IF($/) = r$/-( 2 ) 

with r = •\/3/2. Note we also have left the e-term that 
couples the system to be implemented later — this term 
will be related to stability of junctions. As has been 
shown in | 10 | such a coupling is very small for n very 
large. The cubic superpotential W (4)) will give us a field 
theory with 512” = 2^" vacua solutions and 8 -brane solu¬ 
tions that can be joined together to make a 0 -brane junc¬ 
tion. As we have mentioned earlier, there are other junc¬ 
tions as “edges”, as for example, the 7-brane junctions 
which are made out of intersections of two orthogonal 8 - 
branes. Our Universe appears to be a 3-brane junction 
in this array of different p-brane junctions. Bellow we 
explore explicitly the brane solutions with few fields in¬ 
volved in the calculations. In a two-field model, there are 
only 4 = 2 ^ vacua at the corners of the plane in the space 
of fields, and in a three-field model, there exist 8 = 2 ^ 
vacua at the vertices of a cube in the space of fields, and 
so on. To emphasize the discussions above, we take these 
models as concrete examples of junctions El that can 
occur in different dimensions. In three spatial dimen¬ 
sions, the two-field model produces only 1 -brane junc¬ 
tions, while in the three-field model, there are 1 -brane 
junctions and 0 -brane junctions made out of intersecting 
2 -branes. 

II. Two-field model. —Let us now study in detail the 
theory m discussed above in a sector with two real scalar 
fields $1 = u and $2 = given by 

= ^daud'^u + ^davd°‘v - i {duWf - ^ {dyWf . (3) 

The superpotential © now reads 


where a = 1,..., 4 and 6 = 5, 6 . We should recall that we 
easily found such solutions, because we made the system 
decoupled by early setting £ ^ 0. Indeed, these solu¬ 
tions are independent of each other and we can prop¬ 
erly embed them into two spatial dimensions as domain 
walls, or 1-branes, separating four vacua. Our point 
is to show that in the case with [e 7 ^ 0 ), the system 
may favor the configuration of four edges solutions 
instead of diagonal solutions 0 . This is the bifur¬ 
cation phenomenon we have stressed above. In fact, 
as we show below, there exist values of e which favor 
such bifurcation, with the four edges configuration sta¬ 
ble. Such configuration is a stable 0-brane junction. 
In the thin-wall limit 0 , the junction can be repre¬ 
sented by four half-walls rotated of 90° degrees, given 
by the solutions vi = r(l,tanhj/), V 2 = r(—tanhx, 1 ), 
Fa = r(— 1 , — tanhy) and F 4 = r(tanhx, —1). 

Let us now show that there exist stable brane junc¬ 
tions. In order for the system and its solutions that 
we have considered above to be meaningful, we should 
slightly deform the space of parameter of the theory ■ 
This is equivalent to consider the coupling e-term present 
in the Ginzburg-Landau equations above. This in turn 
changes the Bogomol’nyi energy of the BPS solutions as 

na 

1 /■°° 

E°'= Eg-e / E{u,v)dx, ( 8 ) 

^ J — 00 

where Eg = |AIUa| is the Bogomol’nyi energy and e is 
the deformation parameter; the index a = 1,2, 3,4 indi¬ 
cates a particular edge, while a = 5,6 indicates a partic¬ 
ular diagonal. The deformation £-term which is compat¬ 
ible with the Ginzburg-Landau equations anticipated in 
the introduction above, can be inferred to be 

E{u, v) = ~ -I- ^ . (9) 


W = r {u-\- v) 



Now we can show that just one of the solutions or 
o is stable while the other is unstable. In the limit e = 
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0 we find marginal stability of these solutions that also 
coincides with the limit where the system decouples. We 
take the energy of the solutions to guide ourselves in our 
study of stability. The total energy m of the solutions 
are the same in any edge sector they involve but half 
of the energy of the diagonal solutions 0 . In order for 
the junction to be stable, the sum of energies of the two 
adjacent edges should be smaller than the energy of any 
diag onal, i.e., the junction condition: 

[llf. We compute the energies to get 

=A+^e, a=l,2,3,4: edge (10) 

E^ = A + Qe, 6 = 5,6 1 — diag (11) 

Note that the four edge configuration is stable for e < 0, 
because in this regime it satisfies the junction condition. 
The 1-diag configuration, however, is stable for £ > 0. 
Thus the configurations and o cannot be simulta¬ 
neously stable. In any scenario involving £ < 0, domain 
walls (from the 1-diag sectors) separating adjacent vacua 
tend to bifurcate into four half domain walls (from the 
edge sectors) joined together forming a 0-brane junction 
with one lower dimension. This may represent a mecha¬ 
nism of relaxing dimensions where a p-I-1-dimensional 
Universe initially formed relaxes to another (p — 1) -|- 1- 
dimensional Universe, with one bifurcation. 

III. Three-field model. —The extension for three fields 
uses the superpotential 

tu = r(M-f u-k w) - - f y -k y -k — j . (12) 

As in the former example, one-dimensional static soliton 
solutions can be found from the first-order equations 


du iff dv v'^ dw vf 

dx r ^ dx r ^ dx r 


(13) 


The vacuum solutions are now given hy u = v = w = Er. 
These vacua are vertices of a cube in the space (m, v, w). 
They comprises 2^ = 8 vacua and form a set of 28 
(8!/2!6!) independent BPS sectors, each one connecting 
a pair of vertices. These sectors compose 12 edges, 12 
surface diagonals and 4 internal diagonals of the cube, 
which we name edge, 1-diag, and 2-diag states. These 
sectors give us the following soliton (kink) solutions 

ul = vl = r'^; wl = r'^ tanlf (x), edge (14) 

u^ = r"^] vl = wl] wl = tanh^ (a;), 1 — diag (15) 
= vl = wl; tanh^ (a;), 2 — diag (16) 

where a = 1,...,12, 6 = 13, ...,24 and c = 25, ...,28 la¬ 
bel all the 28 sectors. Again, our point here is to show 
that in the case £ ^ 0, the system may favor the con¬ 
figuration of twelve edges solutions m instead of inter¬ 
nal diagonal solutions m- This is the analog of the 
bifurcation phenomenon we have stressed above in the 
planar system. As we show below, there also exist val¬ 
ues of £ which favor a bifurcation where the twelve edges 


configuration is stable. Such configuration can form sta¬ 
ble junctions which is, in three spatial dimensions, again 
a 0-brane junction. There would also exist configura¬ 
tions of just 1-brane junctions coming from the 1-diag 
sectors ( 113 , but they are not energetically favored. As 
we can see below, the system prefer to bifurcate twice 
until the edge configuration d is achieved. Again, in 
the thin-wall limit llll . the junction can be represented 
by twelve half-walls rotated of 90° degrees, given by solu¬ 
tions Va = (ua, Va, wf, with 0=1,..., 12. The first three 
solutions are vi = r(l, tanhp, 1), V 2 = r(—tanhx, 1,1), 
and V 3 = r(—1,1, — tanhz). Similar early arguments can 
be used to show that the twelve edge configuration is re¬ 
ally stable, provided we consider the function in ® as 
E{u, v, w) = E{u, v) F{u, w) F{v, w). The stability 
of the junction is ensured if the sum of energies of the 
three adjacent edges is smaller than the energy of any 
2-diag state, i.e., E°- -I- We compute 

the energies to get 

^a+l ^a+2 ^ g -t y £, 0=1, ..., 10 edge (17) 

E^ + E’’+^ =6 + 27e, 6 =12,..., 23 1 - diag (18) 

= 6 -k 18£, c = 25,..., 28. 2 - diag (19) 

Note that the twelve edge configuration is stable for 
£ < 0, because in this regime it satisfies the junction 
condition. Note that the 2-diag configurations have the 
largest energy, and then can be stable only if £ > 0. The 
1-diag states that have intermediate energy decay in any 
case. Thus the configurations (tHI) . (d and (d cannot 
be simultaneously stable. For our purposes, however, we 
assume £ < 0 which leads us to a scenario involving do¬ 
main walls (from the 1-diag sectors) separating two adja¬ 
cent vacua that tend to bifurcate into twelve half domain 
walls (from the edge sectors) joined together forming a 
three lower dimensional 0-brane junction. For n deter¬ 
mining the number of scalar fields and the total number 
of bifurcations, these examples can naturally be extended 
to n scalar fields, in d-spatial dimensions, to study stable 
junctions of p-branes to form d — n dimensional brane 
junctions. 

IV. Einstein solid model. —In general in our model, 
the number of fields involved are > the number of spa¬ 
tial dimensions of space-time in which they live. As such, 
the smallest spaces are 0-brane junctions which are zero 
dimensional. Since gravity, matter and gauge fields tend 
to localize on the smallest p-brane junction, this seems 
to be a problem because things would tend to collapse 
to isolated points. However, since the space-time is con¬ 
sidered as an elastic system made out of 9n independent 
one-dimensional oscillators, it is very natural to consider 
the model of an Einstein solid in nine spatial dimensions. 
Thus, at some temperature below the Einstein tempera¬ 
ture Te = Wo (we take h = c = ks = I, and wq as the 
natural frequency), the quantum effects effectively excite 
less degrees of freedom (dofs). Indeed, the number of dofs 
activated independently as rotational and vibrational dofs 
of a diatomic molecule in a gas, can be obtained from 
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thermal effects, by the specific heat of the system. In 
our Einstein solid, the independent dofs are the number 
of 8 -branes and the mean energy per OVolg is computed 
as U{T) = E^=oe"exp (-e„/T) = Ts/[exp (Ts/T) - 1], 
with e„ = nTg and ^ oo is the total number of 8 - 
branes. Here the “quantum” itself is the brane tension 
Ts = Te of each independently activated 8 -brane. Let us 
now adopt the specific heat per Volg, n{T) = 9dU/dT, 
as the effective number of dofs varying with the tem¬ 
perature. This behaves as n(T ^ > 9 while 

n(T <CTe) ^ 0 ; i.e., almost all dofs are active (frozen) at 
very large (small) temperatures, but at intermediate tem¬ 
peratures only the thermally favorable dofs activate. For 
T ~ (1/2) Te the mean energy per QVolg approaches the 
zero point energy (1/2) wq = (1/2) Te- Thus at such tem¬ 
perature, our nine dimensional solid, oscillates at long 
wavelengths with an effective number of dofs given by 

n(TE) ~ 6.48. (20) 

This signalizes that effectively only six dofs are indeed 
active as the system is around the zero point energy. 
Thus, at such regime, we can write an effective field the¬ 
ory for our nine dimensional solid with only six scalar 
fields, rather than 9n fields. We note that this mecha¬ 
nism reduces the spatial dimensions to brane junctions 
with effectively d — \n{T)] = 3 dimensions ([ ] stands for 
integer part). This, of course, favors 3-brane junctions, 
made out of [n(T)] codimension one branes intersecting 
orthogonally. As we have already stated, a coupling e- 
term is required to get stable junctions. However, such 
coupling can be infinitely small, so that we can use the 
Einstein model of solid instead of a Debye model. A sta¬ 
tistical route for a system of n copies of decoupled scalar 
fields has also been employed in the study of a landscape 
of vacua in Ref. [l3 • 

V. Gravity, gauge and matter fields. —To show why 
a junction is a natural space-time selection mechanism, 
let us first consider the localization of gravity on p- 
branes and p-brane junctions Hi ; see also ^3- The 
brane junction solution is achieved by considering Ad^'io 
slices glued together along brane ^-function sources. The 
spin-2 graviton field equations can be found from the 
Lagrangian £2 = Vff[£ + {1/2k'^)R + A], where £ is 
given by O- It is, however, important to show that 
the bulk cosmological constant A in our setup is in¬ 
deed negative. Using the fact that the scalar potential 
in o is perturbed by the £-term of we find V = 
1 + \£F{ui, U2, ■■■,Un), where the function 

F(ui, U2, ..., Un) represents n fields combined in the form 
F{ui,U 2, ...,Un) = F{ui,U 2 )+F{ui,U 3 ) + ...+F{Un-l,Un) 
— see Sec. Ill above. Now applying the explicit form 
of the superpotential and F(ui,Uj) given above, we find 
that the perturbed vacua are given hy ui = U 2 = ... = 
Un = ±(3/[2 — 3(n — Ije])^/^. Thus the bulk cosmo¬ 
logical constant defined as A = V(ui,U 2 , ...yUn) reads 


A = —(27/8)n(n— l)^£^/[2 — 3(n — l)e], for n > 1, which 
is always negative because as we have earlier stressed £ 
should be negative to stabilize the junctions. This result 
is crucial for the present investigation, because it circum¬ 
vents the former result of Ref. H , which stresses that 
brane junctions in a bulk flat space (where A should van¬ 
ish) are not generically able to localize massless fields on 
them. 

In the thin wall limit the C\kink —a S/=i be¬ 

ing a the 8-brane tension. The fluctuations of the metric 
around the brane geometry ds^Q = {rjf^„dX^dX'' + 
'^j^AdZiY) are governed by a Schrodinger-like equa¬ 
tion [ 3 . For a collection of six thin 8-branes intersecting 
orthogonally we find Q 

■ 1 6 • 

—-b - 4fcH 

1=1 

The zero mode is confined to the junction whose wave 
function is ^o(Z) = k\Zi\ + 1)"^. Note 

that the zero mode probability density |4>o(^)P is max¬ 
imized (or “peaked”) as \Zi\ + \Z 2 \ + ■■■ + \Ze\ =0, i.e., 
at Zi ,..., Zq = 0. This defines a 3-brane junction in ten 
space-time dimensions. Note we also have other junc¬ 
tions such as “edges”, e.g., a 7-brane junction, but the 
zero mode is not peaked there. Thus, as we have an¬ 
ticipated, gravity “prefers” to live on the 3-brane junc¬ 
tion, i.e., the lower dimensional junction. The massive 
graviton states can be also localized on p-branes or p- 
brane junctions. However, the corrections to the Newton 
potential related to such massive states are highly sup¬ 
pressed at large distances. Thus, at large distances, p-b 1 
dimensional gravity on p-branes or p-brane junctions is 
correctly described just by the graviton zero mode Hi 

Similar ideas have been recently used in ^ to local¬ 
ize gravity on triple intersection of 7-branes in 10 dimen¬ 
sions. 

The presence of the six active background fields de¬ 
scribing the kink solutions above favors localization of 
matter and gauge fields [^. To construct a field the¬ 
ory with localization of spin-1 fields, one can use the 
coupling ^j(9<I>/)^F^, which is a term in the expan¬ 
sion of the Born-Infeld action for a 3-brane, and Yukawa 
couplings J2ij J foi' spin-1/2 fields. In 

the thin wall limit, {d^i)‘^\kink crS{Zj) implies the 
gauge fields get confined, while the fermion mass ma¬ 
trix didjW{^)\kink 5ij sgn{Zi) approaching zero at 
Zi,...,Zq = 0 favors the localization of fermion zero 
modes. They suggest the localization of six copies of 
fermions on a 3-brane junction. They could be the less 
massive states forming the three families of quarks and 
leptons observed in our world. 
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